Values were measured for the effective radial, heat conductivity d,, T and the heat transfer coetbcient at the wall CC, in a packed bed. This was done for superficial velocities of 5-70 cm SC' and at pressures from l-10 bar. Values for i efr, r and rw were obtained by simultaneous fitting of measured axial and radial temperature profiles. The bed diameter was S cm; it was filled with 6.1 mm Raschig rings. Nitrogen gas was used in all cases. Values could be determined with reasonable accuracy. The agreement with correlations presented in the literature is good for A,, r and less so for CI,. The results obtained indicate that /lea,r and CC, are a function of the product 'velocity times pressure' only. The correlations found can be represented by I,, r /A, = 21 + 0.23Pe with an average relative error of 4% and Bi = 2.9Pee0.40 with an average relative error of 5%. The experiments covered the range 25 < Pe < 350. These correlations were obtained for one specific gas and one specific set-up.
Introduction
Several studies have been conducted on the effective radial heat conductivity &, ~ in packed beds, [ 1 -111. In a recent review Tsotsas and Martin [12] described the different measuring techniques employed. The, heat transfer coefficient at the wall, x,,,, has also been investigated. Mention must be made of Chao et al. [ 131, Hofmann [9] and Wellauer et al. [14] . A review of the properties ;1,, ~ and CI, has been given by Westerterp et al. [ 151. There are some similarities in all the publications mentioned above. All the authors used pseudo-homogeneous models to determine the values of the heat transport properties, that is, all authors assumed that the gas phase and the solid phase have the same properties. In that case the heterogeneity of the packed bed is included in the values of I,,! and CL,. The authors usually neglect the wall effect m packed beds, which is also included in the values of I,, r and CL,. Several attempts have been made to include this wall effect in packed bed models [ 161.
To our knowledge none of the authors measured values for A,, r and c(, at elevated pressures. Physical properties of the gas phase have been altered only by choosing different fluids (e.g. nitrogen, oxygen, air, hydrogen, helium, etc.). not by changing the pressure. Here. we will investigate the effect of elevated pressures on packed bed heat transport properties.
Experimental
Values of ?.,, r and CI,,, were determined as follows. A packed bed was heated at the wall by water boiling under high pressure. Cold nitrogen flowed through the bed at elevated pressures. A model was used to describe the steady state axial and radial temperature profiles in the packed bed as a function of I,,: and a,. These profiles were measured and by making a simultaneous fit we obtained values for &rr and c(, as a function of the gas velocity and pressure. The superficial gas velocity based on the empty tube varied from 5 to 70 cm s-' and the pressure between 1 and 10 bar.
A schematic drawing of the packed bed is given in Fig. 1 . Nitrogen enters the inner tube in which the packed bed is situated (for dimensions see heated with the aid of a heater surrounding the jacket. The packed bed is made up of industrial, ring-shaped pellets (see Fig. 2 ).
During the experiments the pressure was monitored continuously, both at the reactor inlet and outlet. The temperature of the boiling water was measured at two locations: one at the center of the boiling liquid and the other at the wall of the inner tube. Inside the packed bed, 17 temperatures were measured (see Fig. 1 ). The gas inlet temperature was measured at the center of the packed bed entrance; thermocouples measured 16 other temperatures inside the packed bed at the dimensionless heights w = l/4, l/2, 3/4 and 1 and the dimensionless radii p = 0, l/3, 2/3 and 1. (1)
In the radial direction the following boundary conditions can be applied:
The boundary condition in the axial direction is cu=O=>Q=O (4)
The particle diameter equivalent to a sphere d,,
can be calculated from the catalyst sizes indicated in Fig. 2 and equals 6.1 mm for our pellets. The superficial gas velocity u0 was measured for each experiment. The gas thermal heat conductivity and the thermal diffusivity were obtained from the Handbook qf' Chemistry and Physics, CRC Press, 61st edn., 1980 Press, 61st edn., -1981 Hence, for every experiment, the Pe number can be calculated. Since the values of N,, and A are fixed for each experiment (see Table l ), the numbers I, and Bi can be calculated.
Our results will be presented in the form of I, and Bi as a function of Pe and for several pressures.
Results
Here the reproducibility of the results will be discussed and an interpretation of the results given.
Reproducibility of the results
We distinguish two sorts of reproducibility of the experiments, the reproducibility of the heat transport properties for one specific random bed packing and the reproducibility for several bed packings. For the former we repeat the same measurement several times and in between the measurements we do not alter the bed packing. The average absolute deviation between the values measured for the heat transport properties and the corresponding mean of all values is called the reproducibility.
The reproducibility for several bed packings is defined in the same way, but now between every set of experiments we altered the bed packing, that is, we emptied the inner tube and redumped the pellets.
The results, summarized in Table 2 , are the average reproducibilities for a superficial gas velocity of 10 cm s-' and ten different pressures ( la 2, 3, . . . , 9, 10 bar). At each pressure four experiments were conducted. The results indicated that neither reproducibility depended on the pressure, so both the reproducibilities were calculated from forty experiments each.
For one specific random bed packing the reproducibility of I, and Bi is roughly 1% to 2%. For different random bed packings the reproducibility is roughly four times the reproducibility for one specific random bed packing. This shows that the statistical character of the random packed bed is indeed significant.
Interpretation of the results
We will give an interpretation of the results and compare them with correlations from the literature. In If we plot I, and Bi versus Pe, one single correlation is found for all the different pressures. This indicates that the numbers I', and Bi indeed only depend on Pe (or the product uJ') and not on the velocity u0 and pressure P separately. For I, we made a best fit of the form I, = A + BPe which yielded I, = 21 + 0.23Pe with an average relative error of 4%. For the Biot number a power law Bi = APeB gave, as best fit, Bi = 2.9Pe-' 4o (7) with an average relative error of 5%. Hence the correlations for I, and Bi are fairly accurate. The accuracy of the correlations is in agreement with the reproducibilities reported in Table 2 , roughly 1% to 2% for one bed packing and 5% to 7% for different bed packings. Our correlations have the same form as those presented in the literature. There are, however, some discrepancies in the absolute values for Bi. There can be several reasons for these discrepancies. Since we include the wall effect in the values of Bi we create an apparent dependence of Bi on the number of particles on a diameter ND. The role of the number ND for I, and Bi is still unclear. Zehner and Schltinder [2] do have a minor correction for the influence of ND. To our knowledge, this has not been confirmed in a detailed investigation of the role of ND on I, and Bi. Since for our packed bed N,, is low, discrepancies with literature data can be expected. Finally it must be mentioned that our catalyst geometry is that of an industrial ringshaped catalyst (see Fig. 2 ), which has not yet been investigated. In applying correlations from the literature we have treated them as Raschig rings. In fact their geometry is somewhat in between that of a sphere and a Raschig ring. This could also, to a minor extent, account for the discrepancies. From the explanations given above we expect the first reason to be the most significant, and the second of minor importance.
Conclusions and summary
Values of I-, and Bi can be determined with reasonable accuracy by fitting models to measured radial and axial temperature profiles. The values determined are in good agreement with correlations reported in the literature. In our experiments Tr and Bi are a function only of the Peclet number or the product v,P. For both properties, fairly accurate correlations could be determined. Z pellet outer surface area, m* = &lP,C,> gr thermal diffusivity of gas, m2 s-' = a,dp/lz,ff,r, Biot number for a particle specific heat capacity of the gas, J kg-' K-' tube diameter, m = 6V,,/A,, 
